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TECHNICAL NOTE NO. 1396

HIGE-SPEED TESTS OF AN AIRFOIL SECTION CAMBERED TO
HAVE CRITICAL MACH NUMBERS HIGHER THAN THOSE
ATTAINABLE WITH A UNTFORM-LOAD MEAN LINE

By Donald J. Grshem

- SUMMARY

Hlgh-speed wind—tunnel tests have been made to determine the
aerodynamic characteristics of an NACA 6-series airfoil section
especlally cambered to have critical Mach numbers higher than those
for an airfoll having the some design 1ift coefficlent with a
uniform—load type of mean camber line. Soction coefficients of
1ift, drag, and pitching moment for the anlrfoll, designoted as a
mcdified NACA 66(109)—210 section with a modified mean camber line,

are presented for angles of attack through the 1ift stall at Mach
nupbers up to approximately 0.9. ‘Comparisons are mnde between the
chardcteristics of the modified alrfoil and those of the NACA 66-210
airfoil with a uniformrload type of mean camber line.

‘The test vesults indicate most of the characteristics of the
modified NACGA 66(109)—210 airfoil to be essentially the same as

those of- the NACA 66~210 (a = 1.0) airfoil. The especlally cambered
airfoil . exhibits 8lightly more favorable lift— and drag-divergence
characteristics, however, than the NACA:66-210 (a = 1. 0) airfoil,

the former having divergence Mach numbgrs approximately 0.01 higher
than those of the: latter over most of the useful lift—coefficient
range.. This small difference roughly corresponds to the difference
in the critical speeds of the two airfoll sections.

INTRODUCTION

The principal objective in the design of airfoll sections for
high—speed applications is tho realization of high force~divergence
Mach numbors. For design purposes, however, the alrfoil critical
Mach furber is a more useful parameter than the force—divergence
Mach number because it is directly under the control of the designer.
There being a qualitative correspondence between the critical Mach
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number and the 1lift— and drag-divergence Macl numbors of an airfoil,
the higher critical spood ailrfoils having highor lift— and drog—
divergence Mach numbers, offorts to evolve suitable acirfoil
sections for high speeds accordingly have boen concentratod on the
development of airfolls having high critical Mach numbors. Design
methode hnve progreseed sufficiently in thls respect that for an
airfoil section of given thickneses—chord ratio the critical Mach
number for any specificed lift coefficient mey be brought vory close
to the maximum theoretically possible. In the design of airfoils
for various practical appiications, of course, somo campromises

are necessary which generally involve sacrifices in critical speed
below the mAXimum attaipnble. i1n particular, the design must be
such as to pormit a rato of pressure recovery near the trailing
edge which will result in e practiceble airfoil., Further, in
generol applications, high critical speeds wre desired over a range
of 1lift coefficlents., This objective is accomplished at some
oxponss to the highost critical Mach number by providing at tho
deslgn 1ift coefficient e fairly steep. gradicnt of fnlling pressures
Teom the leading odgo to the minimum pressure position with a
cohsoguently decreased minimmm pressure. The steoper pressure
gradlient pormite, within limits, a variation in 1ift coofficient
through changing the alrxfoil ineldence. without promoting & minimum
pregsure at any other than the design poaition with a consoquont
reduction in critical specd.

The distribution of the camber of an alrfoil of given
thicknogs determlhos its ecritical Mach number at the design 1i1ft

- coofficient. For dealrsble critical-speed characteristics the
camber of an airfoil should be so distributed as to allow the

dosign 1ift to be carried with the minimum possible reduction in

é'critical gpeed below that of the corresponding symmetrical profile
ht gero 1ift. Moreover, the 1lift distribution should be such as. to

——

i r - ———— o

" place the design 1ift coofficiont near the middle of the lift*
coofficient range over which the highest critical Mach numbers are
to be obtained, The unifqrm load type of mean camber line was _

deviased as a positiva ster in this direction for by distributing
thoe design 1ift uniformly over the chord of an airfoll, local
induced velocity incromemts wers minimized snd hence the reduction
In girfoll critical spoed bolow that of the basic thickness Porm
at zero 1ift was small. A moro promising dovelopment in this
respect, howevor, appears to bc an alrfoll designed for zero load
Trom the leading edgs to the position of minimum pressure with all
its 1lift being carricd from that point to the trailing edge. An
airfoll cambored in this manner would have tho same critical Mach
numbor at the design 1ift coefficient as the corresponding
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symmeotrical profile at zero 11ft and, at the same timo, the range
of 1ift coefficiont for high criticeal spoods would be unimpalrod,

An importent disadvantage associated with the rearward loading
of an airfoll ig the resultant lorge negative pitching monent. It
would therefore appear to be advantegeous from the standpoint of
over—all alrfoll characteristics to effect a conpromise between the
uniform type of loading and .the exclusively resrward typs of loading
by distributing a portion of the design 1ift uniformly over the
alrfoil Porward of the minimum pressure position and the remainder
increasingly over the rear part of the alrfoil from the minimm
pregsure point to the trailing odge. To investigate sxperimentally
the effoctivoness of this method for obtaining more favorable
critical-speed charactoristics without seriously affecting the
principal aerodynamic characteristics of an airfoll, tests of an
NACA 6-sories airfoil section {modified NACA 66(10g)~210) cambered
in the mommer Just described were conducted in the Amesy l-
by 3% ~foot high-speod. wind tunnel.

The tests were confined to measurements of the section- )
characteristics of 1ift, drag, and pitching moment over a velocity
rangs from 0.3 to approximately 0.9 Mach number. The aerodynamic
characteristics which profoundly influence high-spsed airplane
performance were evaluated and compared with the corresponding
characteristics for an NACA 66-210 airfoil section having a unifort
lozd type of mean cariber line. Mach nuribers of 1ift and drag
divergence rather than critical speeds were used as moasurss of
aerodynamic performance at high speods.

SYMBOLS
ca ' . section dfag coefficient
c1 gection 1lift coefficlent
Cc14 design section lift cosfficilent

Cmc/4 gectlion monent coefficient about gquarter—chord point
e airfoil chord
M Mach number

froe—stream velocity
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v local welocity on the alrfoll surface
X digtance along chord " - —
a angle of attack

AIRFOIL DERIVATION

The airfoil was derived from a combination of an
NACA 66(109)—010 basic thickness form with a‘modifiecd trailing—

edge region and a cambor distribution obtainod as a combingstlion
of two basic NACA meen lines. The modification to the tralling
edge consistes of a atraight-line fairing of a noymal NACA 66(30¢)-010

airfoll to give a finlte frallinmedge thickness and 2 continuously
changing curviture from 80 perucnthcho »d forward to the &5—-percent
chord point where the Talring coincides with the original NACA
profile. The mean camber line consisbts of tho supsrposition of

an a = 0.6 nean line for a design 1ift coefficient of —0.4 upon

an o = 1.0 mean line for a design lift coefficient of 0.6. The
resultant completc girfoil designation in NACA notation is as
follows: : :

-3

1.0, oyy = 0.6.}
a = 0.6, czi =-0. 4

Lirilear A0rr - hons Ardnenr

Ordinates of +tho modified airfoil &re given in table I.

Modified NACA 66(109)n210 -{

£4

A comparison of the shape of the modified NACA 66(109)-210
alrfoil together with its corresponding theoreoticel pressure
distribution at ths design 1lift coefficlent with the shape and
prossurs distribution at the same 1liftccefficiont for the
NACA 66210 edrfoil having a uniform—loed type (a = 1. 0) of moan
cember line 1s given in figure 1.

It should_be noted that, although the respective thicknoas
‘digtributions near the tralling edgee of the two airfolls ars
different, unpublished data on file atthe Ames Laboratory
indicate no significant differences in the characteristics at
high Msch numbers of sirfoils having similar differences Iin
tralling-edgo—thickness distributions. Any difforences in
characteristics, then, betwecen the modified NACA 6€6(109 210 .
and the NACA 66-210 airfoils can logically be attributed to the
diffsrence in type of camber.
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APPARATUS AND TESTS

The tests were coénducted in the Ames l- by 3g—foot high- .
spoed wind tunnel, a low-turbulence, two—dimensional-flow wind
tunnel poweraed by two 10C0-horsepower motors. Thils power is
sufficient to obtain the choked~flow condition discussed in
reforence 1 with any size model

A 6-~inch—chord model of the NACA 66(109)-210 airfoil with
a modified thickness distribution snd mean cambel line was
constructed of duralumin for the 1nvestigation. The airfoll
wes mounted, as illustrated in figure 2, so as to span completely
the 1—-foot width of the tunnel test section. Fnd leskage was
prevented, and two-dimensional flow thereby assured, through the
use of sponge—rubbor gaskets compressed betweon the model ends and.
the tunnel slde walls, :

Measurements of 1ift, drag, and guarter-chord pitching moment
were made simultanecusly at Mach numbers from 0.3 to as high as
0.9 with the airfoll at angles of attack from -6° to 16° by
increments of 2°, This range of angles was 'sufficient to encompass
the 1ift stall up to Mach numbers of the order of 0.8. The Reynolds
numbers varied from approximately 1 x 10° at the lowest spesds to
approximately 2 x 108 at the meximum speeds of ,the tests..

Lift and pitching moments were determined by e method simjler
to that described in reference 2 from msasurements of the reactions
on the tunnel walls of forces experienced by the alrfoll. Drag was
determined from wake—survey measurements made with a rake of total-—
heod +tubes. :

RESULTS AND DISCUSSION

Section 1ift, drag, and quarter—chord pitching-momont coeffi-
clente are presented as functions of Mach number at constant angles
of attack in figures 3, L4, and 5, respectively, for the modified
NACA 66(109)-210" airfoil - Corresponding charactoristics, obtained
from earlier tests in the same wind tunnel, for the NACA 66-210.
alrfoll section with a uniform—-load typs. of mean camber line are
shown.in figures 6, 7, and 8 for compsrison. All data have boen
corrscted for tunnel-wall interference by the methods of reference 1.
The broken lines in the =irfoll characterietic curves of figures 3
to 10 are used to indicnte that dnta obtained in the vicinity of the
wind—tunnel choking Mach number are not considercd reliable.
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Lift Characteristics

The voariation in section 1ift coofficient with Mach number
for the modified NACA 66(109)-210 asirfoil is vory similur to
that for the NACA 66-210 profile. The corresponding cross plots
(figs. 9 and 10, respectively, for the bwo eirfoils) of the
variation in soction 1ift coefficient with angle of attnck for
- various Mach numbers indicates the modified NACA 66(109)-210
oirfoll to bo approciably different from the NACA 66-210 airfoil
only in the magnitude of the maxinum 1ift coefficlent. Up to
Mach numbers apyroaching 0,8, the maximum 1ift coefficients for
the modified alrfoil ars somcwhet lower than those for the
NACA 66-010 airfoil. The variation in lift-curve slope with Mach
nuuber appears in figurs 1l to almost exactly parallel that for
the NACA €6~210 alrfoil. The variations with Mach number in the
respective angles of zero lift for the wwo airf01ls may be seen
in figure 12 to bs virtually the samo.

The only eignificant difference in the supercritlcol—eopeod -
1ift charecteristics of the modified NACA 66(109)~210 and the
NACA 6€-210 airfoils appears from figure 13 to-lie in the 1ift—
divergence Mach numbers. The Mach number of 1ift divergence for
a glven aongle of attack ls defined as the lowest valus of the
Mach nwiber corresponding to an inflection point on the curvo of
1ift coefficient ss a function of Mach number. For all posiltive
1ift. coefficients the Mach numbers of 1lift divergence feor the
modified NACA 66(109)-210 airfoil exceed those for tho NACA 66-210
airfoil, tho galn amounting to gbout 0.015 Mach nuwbor for 1ift
cosfficients ranging from the design value of 0.2 to approximately
0.85. This increment is somewhat greater than the difference
(approx. 0.01) in the corresponding cstimated critical speeds
(taken from referonce 2) for the two sections. For negotive 1lift
cocfficionts, howsver, the divergence characteristics for the two
alrfoils are scen tv be reversed, the normally cambered NACA 66—210
airfoll having the higher divergence velocities.

Drag Charactoristics

The drag characteristics of; the modified NACA 66(109)~210
alrfoll in general do not diffor sonaibly from thosc of
comparable normslly cambered airfoils.. In figurc 1l the variat;on
in gecticn drag coefficient with Mach nurber-at zero incidenco
for the modifiod alrfoil is seen to closgly parallcel that for the
NACA 66-210 airfoil. The Mach number of dreg divorgenco is loosely
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defined for present purposes as that velue of Mach number at which
the abrupt incyédsy in drag coefficient wtifiences. DBeyond the drag—
divergence Mach number, however, the modificd NACA 66(109)-210 air—

foll appears to hold a small sdvantage over the latter ailrfoll.

For 1ift coefficients from 0.1 to 0.6, figure 13 shows the drag-
divergence Mach numbers for,the modified airfoil to be higher than
those for the NACA 66-210 airfoil. Throughout most of this range
the difference amounts to approximately .01 Mach number and corre—
sponds to the previously mentioned difference in the critical Mach
numbers of the airfolls. As was noted in the cass of 1lift diver-
gence, the modified NACA 66(109)~210 airfoll is inferior to the

NACA 66-210 airfoil in the matter of drag divergonce at negative
1ift coefficients.

Pitching—Moment Charaoteristics

The variation in section quarter—chord pitching-moment cooffi-
cient with Mach number, shown in figure 5 for the modified
NACA 66(109)~210 airfoll, resembles that i1llustrated in figuro 3

for the NACA 66-210 section. Filgure 15 depicts the behavior of
pltching-moment coefficlent with Mach numbor at the design 1ift
coefficient for both airfoils, The value of the pltching-moment
coefficient before divergence lg, as would be expected, more ‘
negative for the rearward loaded airfoll than for =z similar airfoll
with a uniform—load type (a = 1.0) of camber line.

CONCLUSIONS

From the results of two~dimensional high—speed wind—tunnel
tests of a modifiled NACA 66(109)-210 airfoll with a mean camber
line designed to give critical speeds higher than those atbainable
with the uniform—load mean line, the following concluaions are
drawn:

1. The Mach numbers of 1lift divergence for the modified
NACA 66(109)~210 alrfoil over most of the positive 1lift coeffi-—
cient range are higher than the divergence Mach numbers for the
NACA 66-210 airfoil with uniform—losd type of camber by an amount
(approximetely 0.015 Mach number) roughly corresponding to the
difference in the critical Mach numbers of the two alrfoll gections.
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2. The characteristics of lift—curve slopo and zoro-1ift
incidence for the modified NACA 66(107)-210 airfoll and for

the NACA 66-210 (a = 1.0) airfoll are virtually the sane.

3. The drag-divergence Mach numbors for the nodifisd
NACA 66(109)-210 alrfoil. are higher than those for tho
NACA 66-210 (a = 1.0) airfoll over a limited lift-coefficient
range by an snount equal to the difference {0.0L Mack nurboer)
in the critical Mach nurbers of tho' two profiles.

k. Pitching-moment coefficients are more negative for the
modified NACA 66(109)-210 airfoll than those for the NACA
66-210 (a = 1.0) airfoil; the respsctive variations in this
parenrieter with Mach number f‘or the two goctlions are sinilaor,
howover.

Ames Aeronsutical Laboratory,
National Advisory Committes for Aeronautics,
Moffett Field, Callf. , July 1947
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o = l.O, Czi = 0,6
TABLE I.— MODIFIED NACA 66()09)-210 -{ :}

a

i

0.6, c33 =-0.h

[ stations and ordinates in percent of airfoil chord]

a Upper Surface Lower Surface : .
i

i1 Station Ordinate § Station Ordinate [

‘ 0 0 o) 0 1
b7 <733 .526 —. 43
L7222, . .ohy L7718 -.388

' 1.220 ' 1.187 1.280 { -i.101

- 2.468 1.590 2.532 | -Aa.ks0

' k.o68 2.2053 5,032 t =1,973

; 7.169 2.687 7.531 | -2.387 |

; 9.97L 3.095 10.029 | -2.7h

H 1k.975 3.792 . - 15.025 ! -3.310 :

! 19.979 L.251 20.021 | ~3. 751 :

{24,983 L.63h 25,007 | -h.092

| 29.985 k.925 30.015 ¢ —h.349

| 34,086 5.135 P 35.014 ¢ 4,527

! 39.985 5.271 40,015 | —k.633

! Lk.g80 5.336 5,020 ¢ ~h.662

i kg.g72 5.333 50.028 ; ~4.611

: 54,955 5.265 55.045 | b k7l

: 59.91k 5.121 60.086 ¢ k4,209

1 6L.886 L.891 : 65.11L | -3.732 |

' 69.901 4,530 i 70.093 : -3.102 |

o Th.g3h L.059 75.066 . -2.393 .

' 79.972 "3.510 80.028 | -1.690

} 85.003 2.901 ! 8h,991 = -1.039

N 90.038 2.188 | 8c.962 i —. 450

\ 95.049 1.326 ok.951 ' —090

; 100.022 ovas | 99.97€ ! - 077

i Leading—edge radius: 0.650

NATTIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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Figure 2.- Airfoil model mounted in the test section of the
Ames 1- by 3-1/2 foot high-speed wind tunnel.
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